Malignant glioma is a common and severe primary brain tumor with a high recurrence rate and an extremely high mortality rate within 2 years of diagnosis, even when surgical, radiological, and chemotherapeutic interventions are applied. Intravenously administered drugs have limited use because of their adverse systemic effects and poor blood -brain barrier penetration. Here, we combine 2 methods to increase drug delivery to brain tumors. Focused ultrasound transiently permeabilizes the blood -brain barrier, increasing passive diffusion. Subsequent application of an external magnetic field then actively enhances localization of a chemotherapeutic agent immobilized on a novel magnetic nanoparticle. Combining these techniques significantly improved the delivery of 1,3-bis(2-chloroethyl)-1nitrosourea to rodent gliomas. Furthermore, the physicochemical properties of the nanoparticles allowed their delivery to be monitored by magnetic resonance imaging (MRI). The resulting suppression of tumor progression without damaging the normal regions of the brain was verified by MRI and histological examination. This noninvasive, reversible technique promises to provide a more effective and tolerable means of tumor treatment, with lower therapeutic doses and concurrent clinical monitoring.
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total excision, and complete tumor resection correlates with a better clinical outcome and improved neurological function. 3 However, because such tumors are often infiltrative, total resection of all tumor cells is difficult to achieve, 4 resulting in poor prognosis. Subsequent treatments with intravenously administered chemotherapeutic drugs have limited use because of their adverse systemic effects and poor blood -brain barrier penetration. 5 -9 A number of different strategies have been explored for more effective drug delivery. 10 -14 Targeting of nanoparticles by an externally applied magnetic field is one safe and promising strategy for achieving localized drug delivery, even in deep-seated brain tumors. 15 -18 Likewise, recent studies have shown that high-intensity focused ultrasound can be used to transiently disrupt the blood -brain barrier without damaging the surrounding neural tissue. 19 -23 Furthermore, the effects of this technique can be monitored by magnetic resonance imaging (MRI). 19, 24 In the present study, we used focused ultrasound to permeabilize the blood -brain barrier transiently, followed by the application of an external magnetic field. Combined use of these innovative techniques significantly improved the delivery of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) immobilized on a novel magnetic nanoparticle (MNP) to gliomas in a rodent model. Dramatic tumor shrinkage was verified by a serial MRI and histological examinations. Furthermore, treatment with the magnetic/ultrasound system prolonged the survival of the rats. This novel strategy offers an effective way to deliver anticancer drugs or molecules to brain tumors, with the potential for concurrent clinical monitoring.
Materials and Methods

Preparation of MNPs
Details of this procedure appear in the Supplementary Data. Briefly, poly[aniline-co-sodium N-(1-onebutyric acid)] aniline (SPAnNa) was prepared using supercritical carbon dioxide as the reaction medium and subsequently transformed into poly[anilineco-N-(1-one-butyric acid)] aniline (SPAnH) using a H + -type cation exchange resin; SPAnH contains -COOH functional groups capable of immobilizing BCNU. A solution of Fe 3 O 4 was mixed with the SPAnNa solution and the mixture was doped slowly by addition of 0.5 M HCl. Acid doping of SPAnNa induces formation and aggregation of SPAnH. Fe 3 O 4 nanoparticles are encapsulated during the aggregation, forming the Fe 3 O 4 /SPAnH nanoparticles. These magnetic composites were separated from the solution using a strong magnet and washed with deionized water until the pH was neutralized. Fe 3 O 4 /SPAnH nanoparticles were dispersed in deionized water and analyzed by Fourier transform infrared (FT-IR) spectroscopy. The saturated magnetization strength of the particles was determined using a superconducting quantum interference device (SQUID).
Immobilization of BCNU on MNPs
Twelve milligrams of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 24 mg of N-hydroxysulfosuccinimide were dissolved in 2 mL of 0.5 M 2-morpholinoethanesulfonic acid (MES; pH 6.3) in the dark. A 0.1-mL aliquot of the solution was mixed with 0.2 mL of the Fe 3 O 4 /SPAnH nanoparticles (10 mg/mL) and sonicated for 1 hour at 258C. The nanoparticles were separated magnetically from the solution, washed once with 0.8 mL of 0.1 M MES, then magnetically separated again and suspended in 0.2 mL of MES. A 0.2-mL aliquot of the nanoparticle solution was mixed with 0.1 mL of BCNU (5 mg/mL) and sonicated for 2 hours at 158C. After sonication, the BCNU-MNPs were separated from the solution and mixed with 0.7 mL pure alcohol. The composite-free solute was analyzed by high-performance liquid chromatography (HPLC) using an L-2130 pump and an L-2400 UV-detector (Hitachi) on a SUPELCOSIL TM LC-18 column (4.6 × 250 mm) using a mobile phase of deionized water:methanol (40:60) at a flow rate of 2 mL/min and a measuring wavelength of 270 nm. The alcohol was washed from the MNPs with deionized water and the MNPs were dispersed in 0.2 mL deionized water.
Activity Assay of Immobilized BCNU
The activity of BCNU immobilized on the MNPs was analyzed using the Bratton -Marshall method. 25, 26 Briefly, 40 mL of the BCNU -MNP solution were mixed with 80 mL of sulfanilamide (5 mg/mL in 2 M HCl) and incubated for 45 minutes at 508C. The samples were cooled to room temperature and 100 mL of the reaction product were treated with 10 mL of N-(1-naphthyl) ethylenediamine (3 mg/mL in deionized water) for 1 minute. The relative activity was determined by measuring the absorption peak by UV-Visnear-IR spectroscopy at 540 nm.
In Vitro Cytotoxicity Assay
Rat glioma C6 cells were cultured in RPMI 1640 medium containing 2.2 mg/mL of hydrogen sodium carbonate, 10% fetal bovine serum, 50 mg/mL of gentamycin, 50 mg/mL of penicillin, and 50 mg/mL of streptomycin at 378C in an atmosphere of 5% CO 2 . Cells were harvested by trypsinization for 2 minutes (0.2 mg/mL of trypsin, 0.08 mg/mL of EDTA), scraped from the culture dishes, and transferred to centrifuge tubes. Cells were pelleted by centrifugation at 1500 rpm for 8 minutes at 88C. The supernatant was removed and the C6 cells were resuspended in fresh culture medium to a concentration of 6.67 × 10 4 cells/mL. Aliquots containing 10 000 cells (ie, 150 mL) were placed in each well of a 96-well culture plate and incubated in a humidified chamber at 378C and 5% CO 2 for 24 hours. Fifty microliters of BCNU (20 or 100 mM) or BCNU -MNPs (20 or 100 mM) in culture medium were added to each well and the plates returned to the incubator.
Cytotoxicity was assessed at 2, 4, 8, 12, 24, 48 , and 72 hours after the addition of the drugs. The culture medium was removed from each well and replaced with 120 mL of sodium 3 ′ -[1-(phenylaminocarbonyl)-3,4tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) reagent, and the samples incubated for 3 hours at 378C. One-hundred-microliter aliquots of the reacted XTT solution were transferred from each culture well to a fresh 96-well ELISA plate, and the cytotoxicity was evaluated by measuring the optical density of the XTT solution at 490 nm.
Animals
Pathogen-free male Sprague-Dawley rats weighing 300 g (14 -18 weeks old) were purchased from BioLASCO. All animal experiments were conducted according to the protocols approved by Chang-Gung University's Institutional Animal Care and Use Committee.
Focused Ultrasound Treatment
A focused ultrasound transducer (Imasonics; diameter ¼ 60 mm, radius of curvature ¼ 80 mm, frequency ¼ 400 kHz, electric-to-acoustic efficiency ¼ 70%) was used to generate concentrated ultrasound energy. An arbitrary-function generator (33 120A, Agilent; and DS345, Stanford Research Systems) was used to produce the driving signal, which was fed to a radio frequency power amplifier (150A100B, Amplifier Research) operating in burst mode. The focal zone distribution of the intensity of the ultrasound field was measured in an acrylic water tank filled with deionized, degassed water, with the transducer attached to a semiautomatic 3D positioning system. A PVDF-type hydrophone (Onda; calibration range: 50 kHz to 20 MHz) was used to measure the pressure distribution radially and along the transducer axis. The measured diameter of the half-maximum pressure amplitude was 3 mm, and the length of the produced focal zone was 15 mm.
Before ultrasound treatment, animals were anesthetized by i.p. injection of chlorohydrate (30 mg/kg). The top of the cranium was shaved with clippers, and a PE-50 catheter was inserted into the jugular vein for injections. The animal was placed directly under an acrylic water tank (with a window of 4 × 4 cm 2 at its bottom sealed with a thin film to allow entry of the ultrasound energy) with its head attached tightly to the thin-film window. SonoVue w SF 6 -coated ultrasound microbubbles (2-5-mm mean diameter, 2.5 mg/kg; Bracco Diagnostics Inc.) were administered intravenously before treatment. Moderate ultrasound power (2 W, equivalent to a peak negative pressure of 0.7 MPa) was delivered to the brain with the center of the focal zone positioned at a penetration depth of 2-3 mm in each hemisphere. Burst-mode ultrasound was used, with a burst length of 10 ms, a pulse-repetition frequency of 1 Hz, and a total sonication duration of 30 s.
Magnetic Field Targeting
After focused ultrasound treatment, a neodymiumiron -boron permanent magnet with a maximum magnetic flux density of 3000 Gauss was used to produce an inhomogeneous magnetic field. The magnet was fixed securely to the cranium of rats receiving the magnetic targeting treatment. The magnetic field was applied for up to 24 h after MNP injection.
Magnetic Resonance Imaging
All MRI images were acquired on a 3 T scanner (Trio with Tim; Siemens) using the standard wrist coil with an inner diameter of 13 cm. The animals were anesthetized with a 1.5%-isoflurane/air mixture, placed in an acrylic holder and positioned in the center of the magnet. An i.v. bolus (0.1 mmol/kg) of gadopentetate dimeglumine MRI contrast agent (Magnevist; Berlex Laboratories) was administered before scanning. To quantify the tumor size and to identify the region of blood-brain barrier disruption induced by focused ultrasound, contrast-enhanced T1-turbo-spin-echo sequences were acquired using the following parameters:
. Tumor size was also quantified using T2-weighted images with the following parameters:
. Heavy T2*-weighted 3D fast low-angle shot sequences with full-flow compensation in all 3 directions have high sensitivity for image susceptibility changes caused by superparamagnetic iron oxide particles and were used to detect image changes caused by local deposition of BCNU-MNPs. 27 Images were acquired using the following parameters: TR/TE/flip angle ¼ 28 ms/ 20 ms/158, matrix size
Quantitative Analysis of MNP Distribution in Normal Rat Brain
Normal healthy rats were divided into 5 treatment groups (n ¼ 3). Control rats received no treatment. The second group received a single dose of BCNU-MNPs administered via the external jugular vein. The third group was subjected to focused ultrasound treatment before MNP administration. The fourth group was injected with MNPs and subsequently subjected to an externally applied magnetic field. The fifth group was subjected to a combined treatment of ultrasound before, and magnetic targeting after, particle injection. Rats were sacrificed 24 hours after treatment. Brains were collected immediately, washed twice with normal saline, and dried under vacuum for 48 hours at 808C. The dried samples were ground into powder, and the powders were acid-digested in 13 M aqua regia using a DC300H sonicator (Taiwan Delta New Instrument Co.) at 608C for 1 hour. The iron content of the samples was measured using a 700-ES inductively coupled plasma optical emission spectroscopy (ICP-OES) system (Varian Inc.). Each assay was performed in triplicate.
C6 Rat Brain Tumor Model
C6 rat glioma cells were cultured at 378C in a humidified 5% CO 2 atmosphere in Minimum Essential Medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen). Cells were harvested by trypsinization, washed once with phosphatebuffered saline, and resuspended (1 × 10 5 cells/mL) in Minimum Essential Medium for implantation into the striatum of rat brains. Male Sprague-Dawley rats (320-350 g) were anesthetized by i.p. administration of ketamine (100 mg/kg) and immobilized on a stereotactic frame. A sagittal incision was made through the skin overlying the calvarium, and a small dental drill was used to make a hole in the exposed cranium 0.5 mm anterior and 3 mm lateral to the bregma. Five microliters of the C6 cell suspension were injected at a depth of 4.5 mm from the brain surface. The injection was performed over a 10-min period, and the needle was withdrawn over another 2 min.
In Vivo Treatment Groups
Several groups of rats with tumors induced as described above were subjected to different treatment protocols ( Table 1 ). Except where indicated, each group consisted of at least 5 subjects. Control rats (Group 1; n ¼ 14) were injected with C6 glioma cells but received no further treatment. All therapeutic treatments consisted of a single dose administered via the external jugular vein after the tumors became apparent (usually 17 days after glioma cell injection). Group 2 rats received a single dose of free (ie, nonparticle-bound) BCNU (13.5 mg/kg). Group 3 rats were subjected to a sham procedure, in which 0.5 mL of normal saline (without particles) was injected i.v., followed by focused ultrasound/magnetic targeting. Animals in Group 4 (n ¼ 3) were injected with 0.5 mL of an 8-mg/kg solution of drug-free MNPs (ie, without bound BCNU).
Three groups of animals (Groups 5, 7, and 9) received varying doses of particle-bound BCNU but no magnetic/ultrasound treatment; another 3 groups (6, 8, and 10) received the same range of doses, but were subjected to the magnetic/ultrasound focusing system. Groups 5 and 6 (high dose) received 0.5 mL of 8-mg/ mL BCNU -MNPs. Assuming a drug concentration of 420 mg of BCNU per mg of MNPs (Fig. 1F) , a rat weighing 330 g would receive a dose of 1.68 mg BCNU (0.5 × 8 × 0.42), or 5.09 mg BCNU/kg body weight. Rats in Groups 7 and 8 received an intermediate dose corresponding to 1 mg BCNU/kg body weight, and Groups 9 and 10 (low dose) received only 0.5 mg BCNU/kg body weight.
Animals were assessed by MRI before and immediately after magnetic/ultrasound treatment (to detect focused ultrasound-induced blood -brain barrier disruption and particle distribution) and at 1-week intervals after treatment (to determine tumor size). The changes in average tumor volume were determined 1 week after treatment and their ratios to initial tumor volumes were compared using one-way ANOVA and post hoc tests. Selected groups were monitored for longer periods to determine their survival rates, which were analyzed by log-rank tests and Kaplan -Meier estimations. Two additional rats for each group were prepared and sacrificed for histological or electron microscopic examinations; these animals were not included in tumor volume or survival analyses.
Histology
Histopathological examinations were performed on normal rats to quantify MNP accumulation, and on tumor-bearing rats subjected to various treatment protocols. Excised tissue samples were fixed immediately in 10% neutral-buffered formalin for 24 hours at room temperature. The samples were dehydrated in ethanol, embedded in paraffin, sectioned, and stained with hematoxylin and eosin or Prussian blue (a stain specific for the identification of iron). Immunohistochemical studies were performed using primary antibodies against the S100 protein (diluted 1:500; Dako) or CD68 (diluted 1:200; Dako) for identification of tumor cells and 
Transmission Electron Microscopy
Fresh cells or tissues were fixed in phosphate buffer containing 30 mg/mL glutaraldehyde, postfixed in 10 mg/ mL osmium tetroxide, dehydrated through a graded series of alcohol, and finally embedded in Epon 812. Ultrathin sections (50 nm) were stained with uranyl acetate and lead citrate and examined using a Hitachi H-7500 transmission electron microscope.
Results
For this study, a novel MNP of Fe 3 O 4 coated with SPAnH ( Fig. 1A) was developed. This water-soluble material has carboxylic acid side chains that can bind drugs easily. The size of the particles was 10 -20 nm, as determined by transmission electron microscopy ( Fig. 1B) . Characterization of the Fe 3 O 4 /SPAnH nanoparticle structure by FT-IR spectroscopy (Fig. 1C ; also see Supplementary Data) indicated that the surface of the Fe 3 O 4 particle was covered with a layer of the SPAnH polymer, and that the outermost layer of the composite maintained the -NH and -COOH groups, which could be used for the immobilization of biomaterials or drugs (Fig. 1D ). Furthermore, when the saturated magnetization strength of the particles was measured using a SQUID, the residue magnetization and coercivity were zero and no magnetic hysteresis loop was observed, indicating typical superparamagnetic behavior for the MNPs (Fig. 1E) . The saturated magnetization of Fe 3 O 4 and Fe 3 O 4 /SPAnH composites were 66.2 and 37.6 emu/g, respectively; the apparent reduction is because the Fe 3 O 4 represents only a portion of the gram weight of the composite, resulting in a decrease in the per-unit saturated magnetization strength. BCNU was then bound covalently to the MNPs. The immobilization ratio was 86.2% as analyzed by HPLC ( Fig. 1F) , which corresponds to 420 mg of BCNU fixed per mg of MNP. The Bratton-Marshall assay revealed a functional efficacy of particle-bound BCNU that was 80% that of unbound BCNU (Fig. 1G) . MNPs with immobilized BCNU (100 mM) easily entered C6 tumor cells by active phagocytosis within 24 hours (Fig. 2B) . The cytotoxicities of the Fe 3 O 4 / SPAnH nanoparticles, unbound BCNU, and BCNU -MNPs on these cells were determined using an XTT assay ( Fig. 2A) . The Fe 3 O 4 /SPAnH nanoparticles displayed no cytotoxicity in rat glioma C6 cells up to 72 hours, whereas a dose of 20 mM BCNU -MNPs inhibited cell growth by 30% at 8 hours. The cytotoxicity of BCNU -MNPs was dose-dependent; at 100 mM, cell growth was inhibited up to 52% at 8 hours, and the effect was sustained for at least 72 hours. At 72 hours, the toxicities of bound BCNU were 78% (100 mM) and 82% (20 mM) those of unbound BCNU. These results were consistent with those of the Bratton -Marshall assay and revealed that immobilization of BCNU on the nanoparticle composites did not significantly alter its toxicity.
Normal healthy rats were subjected to various treatments to determine their efficacy in delivering localized concentrations of MNPs to a specific region of the brain. Quantitative analysis of iron content by ICP -OES revealed that when focused ultrasound or magnetic targeting was applied alone, it only increased particle concentration in the treated portion of the brain by 2-fold relative to the untreated region. Dramatically, however, when the combined magnetic/ultrasound focusing system was used, particle accumulation in the treated area increased 9.9-fold relative to the untreated region, and nearly 26-fold relative to animals injected with MNPs but receiving no additional treatment (Fig. 3A) . After 24 hours of treatment, heavy T2* susceptibility-weighted imaging showed a greater accumulation of MNPs in the brains of animals subjected to the magnetic/ultrasound focusing system than when either method was used separately (Fig. 3B) . Histological examination of the brains of rats sacrificed after 24 hours of treatment confirmed the accumulation of the MNPs in the brain (Fig. 3C) .
MRIs of tumor-implanted animals were performed before and after the animals underwent treatment with the magnetic/ultrasound focusing system to deliver the BCNU -MNPs (Fig. 4) . Gadolinium-based contrastenhanced T1-weighted images showed that disruption of the blood -brain barrier could be focused on the peritumoral region. Additionally, T2-weighted imaging showed that treatment with the magnetic/ultrasound focusing system did not induce additional lesions (eg, hemorrhaging). Furthermore, heavy T2*-weighted images were able to display the distribution of the superparamagnetic iron oxide particles, demonstrating the efficacy of the targeting effect.
Tumor-implanted animals were examined 1 week after treatment and tumor shrinkage was assessed by calculating the ratio of the tumor volume after treatment to the pretreatment volume ( Fig. 5A and B) . Animals in the control (ie, no treatment), BCNU-only, nanoparticle-only, and sham procedure (magnetic/ ultrasound focusing-only) groups showed no tumor shrinkage during the first week. However, tumor volumes were suppressed in the first week in groups receiving a high dose of BCNU (5 mg/kg), regardless of whether focused ultrasound and magnetic targeting were applied (Group 6: tumor volume ratio ¼ 20.97 + 0.08) or not (Group 5: 20.52 + 0.69). The medium dose (1 mg/kg) appeared to represent a critical threshold: Tumor growth was suppressed when magnetic/ was unable to suppress tumor progression either without (Group 9: 1.63 + 1.94) or with (Group 10: 0.31 + 0.84) magnetic/ultrasound focusing treatment, although the combined application of magnetic targeting and focused ultrasound did appear to slow progression somewhat. Post hoc analysis confirmed that the tumor volume ratios of Groups 5, 6, 8, and 10 were significantly different from that of Group 1 (P , 0.05; see Supplementary Data, Table 2 ).
Histological examination of tissues from treated brains showed that infiltration of CD68-positive cells into tumors did not increase during the first 3 days posttreatment (relative to tumors from the control group), but did increase after tumor necrosis and shrinkage (Fig. 6A) . Furthermore, the CD68-positive cells remained in situ after tumor shrinkage. Prussian blue staining showed that the iron deposits (from the MNPs) occurred primarily in the CD68-positive cells. However, transmission electron microscopic examination of tumor specimens showed that the particles were also taken up tumor cells and cells undergoing apoptosis as early as 1 day posttreatment.
Discussion
Effective delivery of chemotherapeutic agents past the blood -brain barrier remains a major challenge in the postoperative treatment of gliomas. 5 -7,13,14 Numerous innovative techniques have been used to overcome this obstacle. Vascular permeability can be enhanced by intra-arterial administration of hyperosmotic solutions 11 or by treatment with CD8 T cells 9 or vascular endothelial growth factor. 10 Alternatively, drugs can be delivered to the tumor by conjugation or chimerization to peptides known to undergo receptor-mediated transcytosis across the barrier. 8, 12 The vascular and hemodynamic characteristics of brain tumors are distinctly different from those of intact brain tissue, and include features such as reduced vascular density, increased capillary diameter, and markedly decreased blood flow. 28 -30 Because the efficiency of magnetic capture of MNPs is inversely related to the flow rate of the carrier medium, brain tumors are particularly suitable for magnetic targeting. Previous reports showed that the concentration of MNPs in tumors can be enhanced by magnetic targeting. 17, 31 Nevertheless, the failure to achieve uniform therapeutic drug concentrations in brain tumors can still be attributed to the impermeable nature of the blood -brain barrier. 32 Indeed, disruption of the blood -brain barrier by tumors is highly heterogeneous, 33 -36 and permeability can vary widely within different areas of the same tumor. Also, permeability does not necessarily correlate with tumor histology, size, or anatomical location. Consequently, not all cells within a tumor will necessarily receive the same dose of a therapeutic agent. Because magnetic guidance can limit retention of MNPs to a specific part of a tumor, the use of focused ultrasound to open the blood-brain barrier in that same region can synergize with the magnetic effect, enhancing localization to specific tumor sites rather than delivering MNP-bound drugs more diffusely.
To determine the optimal enhancement conditions, different doses of BCNU -MNP were tested. Even without magnetic/ultrasound enhancement, treatment with an effective BCNU dose of 5 mg/kg (ie, Group 5) was more effective at shrinking tumors than was treatment with unbound BCNU at a dose of 13.5 mg/kg (Group 2). It is possible that MNPs induce the enhanced permeability and retention (EPR) effect. 37 Also, the increased BCNU concentration in tumor cells might not only result from diffusion, but also result from phagocytosis of drug-bound particles by the cells. In animals treated with an effective dose of 1 mg BCNU/kg, the EPR effect was apparently insufficient to produce an effective local therapeutic dose (Group 7), but treatment with the magnetic/ultrasound focusing system at this dose enhanced BCNU delivery sufficiently to induce tumor shrinkage (Group 8). Similarly, although at the lowest dose tested magnetic/ultrasound focusing did not shrink tumors, tumor growth was still slowed relative to animals treated with the same dose but not subjected to magnetic/ultrasound enhancement. Overall, it is estimated that the magnetic/ultrasound focusing system enhances drug delivery to tumors 5-fold. This, however, is significantly less than the 26-fold enhancement of particle concentration seen in normal rat brains by ICP -OES. It is possible that some of the BCNU is hydrolyzed during intravenous circulation. Also, the tumor microenvironment is quite different from that of the normal brain; the altered vascular and hemodynamic properties in tumors could reduce the efficacy of magnetic/ultrasound focusing. 6, 38 Effective treatment of induced tumors is expected to not only shrink the tumors, but also increase subject survivability. Interestingly, animals treated with the medium dose of BCNU -MNP survived longer than those treated with the higher dose. It is possible that the lower dose was less total toxic to other organs, but additional experiments are necessary to determine the precise cause of this phenomenon.
CD68-positive cells (possibly glioma-infiltrating macrophages) appear in tumors even before treatment. They can constitute up to 30% of the tumor mass and often are upregulated after various treatments. 39, 40 The percentages of CD68-positive cells were similar in the control, sham, and particle-only groups, indicating that neither the MNPs nor magnet/ultrasound focusing induced tissue damage that might cause additional macrophage infiltration (data not shown). Immunohistochemistry on serial brain sections showed an increase in CD68-positive and other inflammatory cells during the later stages of tumor shrinkage. This could indicate clearing of both necrotic tumor debris and iron particles.
An additional significant advantage of this system is that the superparamagnetic properties of the iron oxide core of the BCNU -MNPs make it possible to track particle distribution in the brain by MRI. This allows the efficacy of the various treatment protocols on brain tumors to be assessed over time. Also, a certain level of quantification is attainable by measuring the intensity of the images.
In summary, our novel magnetic/ultrasound system enhances passive transport by transient disruption of the blood -brain barrier and magnetically stimulates active transport, increasing delivery of antineoplastic drugs to brain tumors. The method is noninvasive, reversible, and can be targeted with greater precision to a specific region of interest. Because the drugs are administered intravenously rather than intra-arterially or by direct cranial injection/implantation, the treatment is more practical in a clinical setting. It can be used before or after surgery, or even in cases where surgical intervention is not feasible. With this protocol, lower concentrations of drugs can be used to provide more efficient tumor suppression, concurrently reducing the likelihood of adverse systemic effects. Finally, the nature of the nanoparticles makes effective MRI monitoring of drug delivery and treatment possible. It should be noted that, although no seizures or other neurologic deficits were observed in successfully treated rats, the long-term effects of magnetic force, ultrasound, and iron deposited in the brain require further study. Nevertheless, this strategy provides a promising novel means for potentially useful chemotherapeutic drugs to cross the blood -brain barrier more efficiently and penetrate brain tumors more precisely.
Supplementary Data
Details of the preparation and characterization of nanoparticle-immobilized BCNU are available free of charge via the Internet at http://pubs.acs.org. 
